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Balance of Plant
All supporting components and auxiliary systems needed to operate the plant, aside from energy generating system itself.
Introduction

Background
Nuclear Fission power generation has been a longstanding competitive market since it first entered commercial viability which can be dated to the first operational commercial plant in 1957(1).
Problematically, a prolonged period of stagnation due to the lack of long-term and economically viable progress throughout the 20th century limited the commercial market in the west while high profile failure incidents like Chernobyl and Three Mile Island contributed to a cultural and political alienation of fission power generation.
This renewed interest in reactor design and the continuing pressure of old reactors being decommissioned has led to the implementation of early Generation III reactors, however there was a general sense of disappointment over the physical implementation of these designs as stringent yet constantly changing safety guidelines defocused innovation and acted as a stumbling block to wide acceptance of these reactors. (2) The focus for development of Gen III+ Nuclear Reactors for commercial electricity generation is safety innovation over previous generations such as PHRS(3)(Passive Heat Removal Systems) and a turn to options suitable for remote areas where smaller more affordable reactors are required for power generation. These features have particularly become more relevant in the 21st century following the aftermath of Fukushima Daiichi(4) and current iteration advanced reactors will attempt to engage these design focuses. (5) This paper will explore the relative thermodynamic efficiencies of such advanced PWR SMR and Large Reactor systems. This will be especially important as many of these reactors enter a more concrete construction stage of development in the coming few years. An analysis of existing literature will be used to facilitate an evaluation of the prototype systems in question and a comparison of their viability on a thermodynamic level.
Basic characteristics of a pressurised water reactor
Heat engine principles
In a nuclear power plant, power is generated by converting the thermal energy released from nuclear fission reaction into mechanical work, which is then used to turn a turbine, rotating an alternator to produce electrical power. In the case of a PWR, the medium used to transmit this energy To the left of the saturation curve, the working medium, in this case, H2O, is in a liquid state. Inside the saturation curve, the medium is in a 2-phase state, consisting of liquid and vapor. To the right of the saturation curve, the medium is entirely gasseous, so called 'dry stream.'
The work produced by the engine cycle is represented by the area of the shape plotted from the combined steps in the thermodynamic cycle. The work required to be inputted into the engine from an external source is represented by the area underneath the cycle. It follows therefore that maximising the area inside the shape while reducing the area below the shape will give us a greater efficiency by increasing the work output.
This means that there are three ways to increase the efficiency of a Rankine engine (7) In the first case -increasing boiler pressure shifts the cycle to the left and with fixed volume increases the work output of the turbine and the work input of the pump. I.e. there is a heat supply increase and a heat rejection increase, implying greater thermodynamic efficiency.
In the second case -increasing the steam temperature at fixed pressure will raise a corresponding increase in the area within the cycle, this also decreases the moisture content in the steam which increases the Work output of the turbine without the often corresponding increase in work input required by the pump. 
. T-S diagram of Rankine cycle(6)
Finally, in the third case -decreasing the condenser pressure increases the area within the cycle, however, this will also increase the moisture content of the steam as it enters the turbine and therefore decreases the efficiency of the turbine (as well as introduce issues of corrosion).
This can also be understood formulaically using the equation of net work in a Rankine cycle engine;
Fission chain reaction
The neutrons released in the fission reaction interact with the core itself to fission further neutrons, thus creating a chain reaction. When this reaction can sustain itself, the core is said to be critical. A certain "critical" amount of material is thus required to release enough neutrons to continue the fission reaction.
Neutron Moderator
The fast neutrons released from the fission reaction often 'escape' the reactor core material without creating further fission products. A way to ensure a higher efficiency of neutrons engaging in the chain reaction (neutron economy) is to slow down these neutrons to thermal energies, that is, to an energy level in which they are in thermal equilibrium with the surrounding material. This is done by the introduction of a moderator. The moderator consists of a material with lightweight nuclei which absorb the kinetic energy of the neutrons, slowing them to thermal energies, increasing neutron economy and reducing the critical mass required in the core.
Coolant
In a PWR, water acts as both coolant and moderator. In the process of neutron moderation, the kinetic energy imparted to the water's nuclei increases its thermal energy. This is the mechanism by which the thermal energy is removed from the core. The heated coolant water is kept under constant pressure to prevent it from boiling via a pressuriser. This is to prevent any changes in density of the coolant system, sustaining a steady flow of the coolant in an out of the reactor core. The water coolant system that is in contact with the reactor is kept in a contained loop within the reactor vessel. This is done to minimise radioactive products exiting the reactor vessel and increased containment safety.
Steam Generator
The heat from the coolant loop is transferred to a secondary water loop (feedwater loop), which is allowed to vaporise. The steam produced in the feedwater loop is then used to turn a steam generator turbine, thus converting the work from the heat engine into electrical energy. The steam is then cooled via a condenser back to the liquid phase and the cycle repeats. (7)
Methods
This paper is a meta-analysis of existing literature in the field of Nuclear Engineering and as such is a study of multiple papers, both on the topic and for wider understanding and appreciation. This 
Figure 3. Neutron fission chain reaction(8)
The scope of all research was restricted to plants currently in late stage development, under construction or already operational to maintain a reflection of reality and move away from entirely theoretical design choices that had not properly been experimentally verified. This link to more concrete reactors served an additional purpose as it meant that the majority of reactors being analysed functioned and therefore had fairly rigid thermodynamic parameters.
This research process was conducted by alternately widening and narrowing the scope of the search.
Starting with a general perusal of Fission Power Generation the search was then narrowed to an analysis of Passive Heat Removal Systems before expanding back outwards to a more general analysis of plant efficiency in Gen III+ reactors. By this method, it was possible to ensure that the majority of independent and original research retained a use in the finished paper.
Over the course of this research data was located about a wide variety of plant parameters and to define a thesis topic these parameters were compared and graphed against each other. Of particular interest was the amount of electrical power that made it into the grid against the total electrical power generated by the turbines. It can be assumed that the difference between these figures is the total power required by the plant during general operation.
In order to graph the efficiency versus the various parameters investigated, it was necessary to calculate the nominal thermal efficiencies of the reactors, explained here;
The thermal efficiency of a heat engine such as a fission reactor is defined as the efficiency ɛ as shown:
=
Eq.2(9)
More constructively since W (work produced) and QH (heat from the hot reservoir) can be expressed as:
It follows then that the thermal efficiency ɛ can also be expressed as:
Results and Discussion
In figures 5-7 displayed below, each coloured marker represents a reactor, with its gross and net efficiency denoted by a solid dot and a black outlined dot, respectively. Details of reactors can be found in the appendix.
There is a strong linear relationship between steam temperature and the efficiency of the gross electrical power output of the plants in question. It would be expected that the Rankine cycle would increase the gross output of such an engine, but an increase in efficiency also implies an engineering advancement in the heat exchanger, as the heat driving the engine is supplied by the exchange between the primary loop and the secondary loop. Therefore, this result can alternatively be read as an affirmation that a more efficient heat exchanger effectively creates more work on the turbine at no extra work into the system.
Net efficiency appears to follow a linear relation up until 290 C, above this temperature the net efficiency begins to decline. A possible reason for this phenomenon could be that the extra thermodynamic work created on the turbine by the higher steam temperatures is not enough to offset the economies of scale involved in plant engineering. This relative inefficiency appears to be a result of the fact that most reactors examined have a similar absolute operating power requirement This idea neatly explains the status of many conflicting data points for the curve of the net efficiency line. The red points on the graph are the AP1000 which has an operating requirement of nearly double every other reactor, so although it superficially seems to be largely less efficient, there are factors involved beyond the thermodynamics of the loops. Conversely, the cyan (VVER 640), green (OPR1000) and purple (VVER 600) reactors are all reactors with a much lower electrical output altogether essentially creating the opposite problem; the fact that they require the same initial input depresses the net electrical efficiency. Such a result implies that for large power requirements it is more thermally efficient to have one larger reactor than it is to have multiple smaller reactors.
In figure 6 , the gross power output of each reactor forms a slight linear trend where most of the data points start limiting around 7 MPa, indicating that most reactors have an optimal pressure range which lies at the 7 MPa pressure. The net power output shows a positive linear trend suggesting that increasing the boiler pressure in a Rankine cycle does increase efficiency which was expected as stated in 1.1. This simply put is due to an increase in entropy allowing a greater electrical output. A reason for this cluster of similar boiler pressures is the increased chance of wet steam formation at higher which tells us that a decrease in efficiency would be seen with an increase in pressure, in other words, it would be expected that any potential trends in data should show a negative gradient. It may be possible to establish many factors that attribute to the lack of relation between the two. One such explanation is the position of the condensing step in Rankine cycle, which can be seen in Fig.1-2 . The efficiency of other parameters is dependent on the condenser pressure value, and varying it has a direct effect on all steps in the cycle (11, 12) .
The complexity of the balance of plant introduced by condenser pressures significantly below atmospheric pressure may also be a factor, introducing working input in machinery and piping that is not considered in the fundamental Rankine cycle TS diagram (13) . No relationship was observable between condenser pressure and efficiency. Previous studies (11) (12) (13) and the laws of thermodynamics tell us that this relationship exists; however it appears to be more difficult to optimise directly, due to the complexity of the balance of plant introduced by this parameter, as well as the dependence of other parameters on the value of condenser pressure having a 'knock on' effect.
This suggests that in relation to the first case further focus should be directed towards investigating the optimal scale for thermal reactor output as a function of net electrical efficiency. Whereas in relation to the third case more investigation into condenser pressure as an optimisation for the Rankine Cycle is required.
